A load bearing tissue found at the ends of articulating bones, the articular cartilage provides low friction surfaces for efficient movement. Its mechanical properties are determined by the structure and composition of type II collagen, proteoglycans and interstitial fluid. This work investigates the effects of X-ray irradiation, previously shown to affect the biological properties of the articular tissue, on mechanical properties of articular cartilage using polarized light microscope for imaging and compressive modulus test applied to articular cartilage to determine the effects of the ionizing radiation on mechanical properties. According to the test results, the relaxation time is significantly longer in control than X-ray exposed samples, while the force is much higher showing that the X-ray irradiation causes the reduction in the stiffness of articular cartilage.
Introduction
Extracellular matrix of the articular cartilage has many important physiological functions containing determining the mechanical properties of the tissues. Cartilage is a joint lubricating tissue composed primarily of proteoglycans and type II collagen [1] , both determining the mechanical properties of articular cartilage and the latter being critically important for the tissue integrity [2] .
A fibril volume density distribution effect is lowest on the mechanical behavior of tibial articular cartilage. Any excessive change in the collagen microstructure, as in the case of a compression, will inevitably disrupt the anisotropic environment modifying the mechanical properties of the cartilage [3, 4] .
Proteoglycans mainly resist cartilage deformation during static loading [1, 5, 6] . The depth-dependent proteoglycan content affects the cartilage strains substantially. Lowering proteoglycan content in cartilage matrix can thus lessen compressive stiffness, and eventually in the case of continuous growth such a loss can lead towards arthropathies such as osteoarthritis [7, 8] .
The ionizing radiation is known to cause a serious acute and persistent reduction in the structural integrity of an exposed skeletal tissue [9] . There is not much data regarding effects of radiation on articular cartilage in the literature, although joint damage has been reported following the cancer treatment or occupational exposures [8] . Most studies on effects of radiation on tissue have concentrated on cells, with less attention paid to the extracellular matrix [10] . It has been found that the radiation causes an active degradation of cartilage, through the decline in proteoglycan synthesis, in the human and * e-mail: ekrcicek@gmail.com pig chondrocytes [8] . However, to what level and how the radiation affects the matrix environment has not been studied well yet.
The present work aims to investigate how the mechanical properties of articular cartilage change in response to X-radiation exposure in equine articular cartilage using compressive modulus test, which involves loading of the articular cartilage surface via a solid spherical indenter and measuring at the same time the indentation depth [11, 12] .
Experimental design
Fresh equine metacarpophalangeal joints were collected from a local abattoir (Potters, Taunton, UK). Cartilage samples taken from specimens displayed no macroscopic degeneration. Full-thickness cartilage plugs 10 mm in diameter and approximately 1 mm thick were then excised from dorsal region.
The information about the alignment of collagen fibers was obtained and the dimensions required for calculating compressive stresses were determined from polarized light microscopy images using a Nikon Eclipse E200 PLM.
Irradiations were made using X-rays (150 kV), produced by a Siemens (Germany) X-Ray Equipment (Opti 150/30/50HC-100) located in the medical imaging department of Exeter University in Exeter, UK. Six samples were exposed to X-rays at 4.8 mGy.
A stress relaxation test was performed using a cylindrical, plane-ended 3 mm diameter indenter positioned perpendicular to the superficial zone. Force and displacement were logged using Picolog (Pico Technology Ltd.). 0.45 kg load cell (RDP Electronics, UK) was used to apply force (1 mV = 3.393 N). Initially, a force was applied and the cartilage was allowed to come to equilibrium. The cartilage surface was displaced in total 0.5 mm in ten steps, each step being 50 µm [13] .
Stress was calculated as load per unit macroscopic sectional field. Strain was calculated with reference to the relaxed length of the sample.
The [14] . Eight samples, six irradiated and two identical control samples, were analyzed in total.
Results and discussion
The relaxation time in control group in our study is longer than in the irradiated group (Fig. 1) , as the stress is higher as compared with the irradiated cartilage. The force also is higher in control than the X-ray exposed sample. The differences between control and irradiated group strain increase after 0.3 strains. The maximum stress at 0.48 was measured for control 1 at 0.28 MPa, while it is only 0.21 for irradiated sample 3 (Fig. 2) . The minimum stress values measured for the irradiated sample 1 is 0.091, while this value is 0.210 in control 2. One-way analysis of variance (ANOVA) was used for statistical analysis. A p-value less than 0.05 was considered significant. For the stress parameters, p > 0.01 was observed between the groups (p = 0.286). These results reflect that lower compressive stiffness in articular cartilage. The collagen network modulates dynamic compressive stiffness of the articular cartilage tissue, the collagen fibril orientation considerably influences the tissue strains during dynamic and static loading and collagen fibril orientation is more important than the collagen content for the mechanical response of cartilage in loaded knee joint [1, 5, 6, 15, 16] .
Radiation can alter the cell and tissue function and induce degeneration to normal tissues [17] . Musculoskeletal tissues have been known to be late-responding tissues [18, 19] . In terms of cell viability, mature articular cartilage is generally considered as radiation resistant comparative to other tissues with higher proliferative capacity [20, 21] . However, being able to degrade various components of the articular matrix, radiation may induce a functional reduction of articular cartilage health after exposure [8] .
Ionizing radiation effects on cartilage has been shown to cause acute degeneration of the cartilage matrix in vitro. Ionizing radiation is known to lower proteoglycan content and compressive stiffness [8, [22] [23] [24] [25] . Previous studies display that reactive oxygen radicals induced by ionizing radiation may be responsible for the degradation of the physiologically important glycosaminoglycan hyaluronan [10, 26, 27] . Degradation of the proteoglycans and type II collagen present within the matrix of articular cartilage relates to mechanisms of various enzymes [2] . However, effects on these mechanisms are not sufficiently understood. Exposure to both 2 Gy and 10 Gy doses of ionizing radiation in human and pig ankles resulted in the reduction of proteoglycan biosynthesis, impairment of IGF-1 signaling chondrocytes and induction of active degradation of the articular matrix. Collagen II synthesis after radiation exposure has been shown to reduce in bovine articular chondrocytes. Thus there is evidence on degenerative effect of insistent direct irradiation which may contribute to arthropathies [8, 28] .
Radiation response of articular cartilage is inconsistent in very young animal models, although a totalbody irradiation study indicates inducing of clinically relevant degenerative changes in the articular cartilage of immature rats [25] . But articular cartilage from adult humans or large animal species seems to degrade after exposure [24, 29] .
The increase in compressive modulus with strain reflects the increased contribution of the stiffer underlying cartilage [30] . As the radiation evidently damages cartilage matrix metabolism, a reduction in compressive modulus of the radiation exposed cartilage can be theorized [24] .
Joint injury is considered as a late consequence of ionizing radiation exposure [24] , although there is not much information regarding the early effects on articular cartilage metabolism or mechanical properties. The effects of radiation on cartilage may be concealed by the considerable delay existing between radiation therapy and joint symptoms [24, 31] . Compressive modulus values for equine dorsal cartilage are similar to previous reported E. Cicek values [8, 18, 20, 21, 23] . Our results show that the lower doses of the ionizing radiation can significantly affect compressive modulus values in equine articular cartilage. However, further studies are needed to understand the effects of the ionizing mechanics of the articular cartilage.
